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Investigations into the accelerating effect of chemically related substances 
on hemolysis by various simple lysins have already been carried out (Ponder, 
1939;  Ponder and Hyman, 1939; Ponder, 1941), with the result that certain 
general relations between accelerating effect and chemical structure have been 
established.  This paper is concerned with an attempt to extend the same kind 
of enquiry in another direction, and contains the results of an investigation of 
the lyric properties themselves, as shown in a series of closely related substances 
of known structure,  the sodium salts of the sulfated straight  chain alcohols. 
1.  Time-Dilution  Curves 
The lysins used  are  members  of a  homologous series of  sulfated  straight 
chain alcohols with the general formula C,H2,+x. SOy Na, with the sulfate on 
the terminal carbon atom.  They were given to me by Dr. Hans Neurath, and 
are known to be at least 97 per cent pure.  The C-18, C-16, C-14, and C-12 
sulfates were dissolved in methyl alcohol in a concentration of 5 mg./ml., and 
the C-10 and C-8 sulfates in ten  times  this  concentration.  The  addition  of 
1 ml. of the methyl alcohol solution to 50 ml. of 1 per cent NaC1 or isotonic 
NaCl-phosphate buffer gives a  solution of the detergent which is suitable for 
use in hemolytic systems.  The solutions should be used as soon as possible 
after preparation,  for in  the case of some of the detergents they deteriorate 
very quickly. 
Time-dilution curves are plotted in  the  usual way  for systems  containing 
0.8 ml. of various dilutions of lysin, 0.8 ml. of saline, and 0.4 ml. of a  red cell 
Suspension made by suspending the thrice washed cells of 1 ml. of human blood 
in  20 ml.  of a  NaCl-phosphate buffer at pH 6.4.  The end-points are  quite 
sharp, and are reached rather suddenly when the C-18 sulfate is the lysin (as in 
the case of some concentrations of taurocholate), but slowly, as in the case of 
saponin, when the lysins are the C-16, C-14, and C-12 sulfates. 
The data for the time-dilution curves at 37°C. are shown in Table I  for the 
C-18,  C-16,  C-14,  and  C-12  sulfates.  While  they are representative of the 
results usually obtained, it should be pointed out that solutions of the C-18 and 
C-16  sulfates are  so unstable  that  it may be impossible to repeat the  same 
time-dilution curve in successive experiments.  This is true even if the solu- 
tions are freshly prepared and  the  plotting of the time-dilution curve com- 
pleted within 15 minutes from the time of preparation.  Occasionally the C-18 
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sulfate will give a curve such as the following: 80 3", 6 seconds, 60 3', 10 seconds, 
40 % 36 seconds, 30 %  1.2  minutes, and 20 % 4.0 minutes, but the hemolytic 
activity does not persist, and in the same experiment the C-16 sulfate, which is 
ordinarily more lyric than the C-18 sulfate, may show a greatly decreased ac- 
tivity.  These changes in activity seem to be associated with the appearance 
of a  cloudiness in the solutions of lysin, and presumably reflect changes in the 
extent of micelle formation. 
The asymptotes, for which the values are given in Table I, were found by 
observation at the end of 18 hours, and for this reason they cannot be regarded 
with certainty as the asymptotes to which the time-dilution curves for systems 
containing fresh lysin would go.  Their position is almost certainly influenced 
by the progressive decrease which  the lytic activity of the lysins undergoes. 
TABLE I 
12,500 
25,000 
33,300 
40,000 
50,000 
67,000 
I00.000 
200,000 
Coo ,  ~y 
CI, 7 
160 
80 
60 
50 
40 
30 
20 
10 
C-18 
2.2 
4.9 
6.7 
8.0 
10 
14 
26 
120 
C-16 
0.3 
0.6 
0.9 
1.2 
1.7 
2.7 
7.0 
140 
C-14 
3 
6 
8 
10 
14 
25 
7.0 
130 
C-12 
1.0 
6.5 
17 
5O 
120 
All times are m minutes, except those which are printed in bold-faced type, which are in 
seconds. 
This is a difficulty which must present itself in the case of any unstable lysin. 
The C-10 sulfate is not lytic in concentrations less than 400 -l/2 ml., and the 
C-8 sulfate is non-lytic even in five times this concentration. 
Analysis of these time-dilution curves (Ponder, 1934 a) shows that although 
the  C-18,  C-16,  and  C-14  sulfates give curves which  approach virtually the 
same asymptote, they do so with different values of n; for C-18, n  --  1.1,  for 
C-16, n  --- 2.4, and for C-14, n is greater than 3.0.  Statements as to the rela- 
tive activities of the substances must accordingly be qualified by a  statement 
as to their concentration in the system; thus it is true that the order of activity 
is  C-12  ~  C-14 >  C-16 >  C-18  in a  concentration  of  40 3'/2  ml.,  but  it  is 
also true that the last  three  substances  are  approximately equal  in activity 
when the concentration is 10 3"/2 ml.  The observation that the time-dilution 
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such different values of n demonstrates that n is not a  function  of  c~, at  least 
when n  and coo are found as they are in these experiments. 1 
Temperature Effects.--Changes  in temperature between 4 ° and 37°C. have a 
considerable'effect on the velocity of hemolysis in the higher concentrations of 
lysin, but comparatively little effect on the position of the asymptote.  Thus 
for the  C-14 sulfate,  the asymptote lies between  10 7/2 ml. and 8 7/2 ral. at 
37°C., between 10 ~/2 ml. and 9 7/2 ml. at 22°C., and between 9 7/2 ml. and 
8 7/2 ml. at 5°C., but the times for complete lysis in systems containing 60 7/2 
ml. are 7 seconds, 10 seconds, and 5 minutes at the same three temperatures. 
The principal effect of temperature thus appears to be one on the value of the 
velocity constant, with subsidiary effects on the position of the asymptote and 
the value of the constant n.  2 
pH Effects.--The data for a  series of time-dilution curves for the C-14 sul- 
fate, plotted at 37°C. and at different pH's (obtained by adding isotonic phos- 
phate buffer to the hemolytic systems), are shown in Table iI.  Again it will be 
clear that a general statement as to the effect of pH on the hemolytic activity of 
the detergent requires to be qualified by a specification of the concentration of 
lysin used.  In a  concentration of 40 7/2 ml., the effect of increasing pH is to 
l That n is a function of c~ is a possibility which has suggested itself in the study 
of the kinetics of other simple lysins, for one observes that unrelated lysins which have 
a  small value for c® usually have large values for n.  Thus the order as regards c® 
between pH 5 and 6 is palmitate  >  glycocholate  >  taurocholate  >  saponin  >  digi- 
tonin  and the order as regards n is the same, palmitate having the smallest value; 
if the 'pH is changed so as to increase  c.,, n usually becomes less.  This is one of the 
general observations regarding the properties of time-dilution curves which  will no 
doubt be explained when the kinetics of hemolytic systems is more completely under- 
stood; it would have a meaning, for example, in terms of the hypothesis which I have 
recently outlined (Ponder, 1946, footnote 10).  The observation that n is apparently 
not a function of c® in the case of the detergent sulfates is really not one which can be 
relied upon when it is considered  against the background of experience  with other 
lysins,  for some of the detergents are so unstable that one does not know that their 
physical state in the asymptotic concentrations is at all the same .as that in the con- 
centrations  which  give  the  shorter times  for complete  hemolysis.  This  is  illus- 
trated by the fact that when solutions  of the C-18 sulfate give very short times for 
complete lysis in concentrations of 80 ~, 60-r, and 40~ (see above), the value of nfor 
the time-dilution curve is much higher than the value (1.0 to  1.2) usually found at 
pH 6.4. 
The time-dilution curves for the C-18 sulfate at 20°C. and at lower temperatures 
have the peculiarity that they cut the abscissa at a value of t of 10 minutes or more 
(of. the time-dilution curves for systems sensitized with brilliant green: Ponder, 1928). 
This is probably due to the solubility of the lysin being no greater than  about  100 ~/ 
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increase the velocity of the lytic process, but inconcentrations near the asymp- 
totes the situation is more complex, for at pH 5.0 the C-14 sulfate is lytic in a 
concentration  of 6 3'/2 ml., whereas  at  pH 8.5 the asymptote is at 13 3"/2 ml. 
At intermediate pH's, 6.0 and 7.0, the asymptotes are at 14 3"/2 nil. and 18 3"/2 
ml., so that it is possible to pick a concentration (20 3"/2 ml.) at which the velocity 
of lysis is at a minimum at pH 7.0 and more rapid at either higher or lower pH's. 
The best statement  that can be made is that this anionic detergent produces 
]ysis more  rapidly  in  alkaline  environments  provided  that  the  lysis  takes  a 
comparatively short time (less than 10 minutes), but that the pH dependence 
becomes reversed  as  the  asymptotic  concentration  is  approached,  the  lysin 
being more active in acid systems in these higher dilutions? 
TABLE II 
25,000 
33,300 
40,000 
50,000 
67,000 
80,000 
100,000 
125,000 
200,000 
250,000 
333,000 
60 
50 
40 
30 
25 
20 
16 
10 
8 
6 
pH 5.0 
0.7 rain. 
0.9 rain. 
1.2 min. 
1.4 min. 
2.0 min. 
2.8 min. 
3.6 rain. 
7.0 rain. 
12  min. 
30  re_in. 
pH 6.0 
6 sec. 
8 sec. 
10 sec. 
14 sec. 
35 sec. 
1.5 rain. 
5.0 min. 
>30 rain. 
4  SeC. 
6 sec. 
7 sec. 
9 sec. 
15 sec. 
30 sec. 
>15 min. 
pH 7.0  pH S.S 
2 sec. 
3 sec. 
4 sec. 
5 sec. 
8 sec. 
13 sec. 
30 sec. 
--  >15  min. 
So far as the other detergents of the series are concerned, very much the same 
situation as is shown in Table I is also found at pH 7.7.  For concentrations of 
lysin which produce hemolysis in relatively short times (80 3, to 30 3"), the order 
of activity is again C-12  <  C-14 >  C-16 >  C-18, and the times  for complete 
hemolysis are shorter at pH 7.7  than they are for corresponding concentrations 
at pH 6.4. 
3 This pH dependence is the same as that found in studies of bactericidal activity 
(Hotchkiss,  1945), for the anionic detergents are more bactericidal in acid environ- 
ments; this effect on bacteria, being a slow process as ordinarily measured, should pro- 
bably be compared with the effects in hemolytic systems in which the lysis is slow 
rather than with those in systems containing greater concentrations of lysin, in which 
lysis is more rapid in alkaline environments.  The observation that there is a  com- 
paratively  sharp  peak  in  the  curve  representing  the  dependence  of  antibacterial 
effect on chain length has its counterpart in the observations in Table I, but the mean- 
hag of the results is obscured by the possiblity of there being variations in the rate and 
extent to which detergents accumulate at red cell surfaces (see Valko's review, 1945), 
and by variations in the extent of micelle  formation. v.mc VONDV.R  19 
2.  The Quantities of Lysin Required for Producing  Shape Changes 
Not only does the homologous series of detergent sulfates lend  itself to an 
investigation of the lytic effect of its various members, but it provides an ex- 
ceUent opportunity for determining the quantities of lysin required to produce 
disk-sphere  transformations.  The  interest  attached  to  such  determinations 
lies in the fact that some of the quantities  required are small in comparison to 
those which would be required to cover the red cell surfaces, together with the 
fact that the dimensions of the detergent molecules are exactly known. 
The determinations are made by adding 5 X  107 washed red cells from human 
blood to 0.8 ml. of various concentrations of the detergent sulfates, and finding 
the concentration of detergent necessary to convert at least 95 per Cent of the 
cells into spheres at the end of 30 minutes at 25°C.  To prevent spherical forms 
TABLE III 
Quantities of Lysin, in % Required  for Lysis and Sphering of 5 X 10  7  Human Red Cells 
at 37°C. and  'H 6.4 
Molecular  -Spheringt  Lysin  weight  For lysis  For sphering  A  s per lysm 
molecule 
C-18 sulfate ..................... 
C-I6 sulfate ..................... 
C-14 sulfate ..................... 
C-12 sulfate ..................... 
C-10 sulfate ..................... 
C-8 sulfate ...................... 
373 
344 
316 
288 
260 
232 
16 
12 
10 
45 
4OO 
2 
2 
1 
4 
40 
300 
300 
280 
510 
115 
10 
1.2 
and crenated forms which might be mistaken for them from forming spontar~- 
ously, the cells are suspended in a  mixture of 3 per cent sodium citrate (3 vol- 
umes) and isotonic phosphate buffer (1 volume), the pH of the mixture being 
6.4.  To provide values for comparison, the concentrations of detergent which 
produce just commencing hemolysis and complete hemolysis in 30 minutes at 
25°C. are observed at the same time as those which produce sphering.  Since 
the concentration for sphering cannot be found very precisely, what is done is to 
set up a  series of concentrations of lysin decreasing by powers of 2,  and the 
tubes  showing  complete lysis,  commencing lysis,  and  complete sphering  are 
picked  out  at  the  end of the  period  of observation.  The  values  shown  in 
Table III are accordingly correct to the nearest power of 2 only. 
In the case of the C-14 sulfate, which is the most active member of the series 
in bringing about sphering, there are not sufficient molecules in the system to 
cover the cell surfaces with a continuous monolayer, irrespective of their orien- 
tation, since there are 510/~2 of surface per molecule and the dimensions of the 
C-14 molecule are about 18  X  4.5  X  4.5 A.  Adopting for the time being the 20  HEMOLYSIS  BY  ANIONIC  DETERGENTS 
point of view that sphering and the hemolysis which follows it are stages in a 
process of film penetration  (Schulrnan and Rideal,  1937 a,b; Ponder,  1946), 
what probably happens is that the negatively charged anion of the detergent 
molecule makes a head-head contact with an oppositely charged group in the 
surface ultrastructure, such as the NH8  + of cephalin; this anchors the detergent 
anion to the surface with its carbon chain still sticking out towards the sur- 
rounding medium.  The shape change from disk to sphere probably occurs at 
this time or a little later, for the shape transformation is still reversible by wash- 
ing off the lysin or by adding plasma or some other reversing agent.  At this 
stage  the cell surface is very incompletely covered with lysin molecules, for 
each 510 ,~ of surface will carry one detergent molecule with a cross-sectional 
area of about 20 ~k  2.  This is on the assumption that all the lysin molecules in 
the  system are  attached  to  the  cell surfaces,  but  the  number of molecules 
involved may actually be much smaller.  Either the disorganization produced 
by each C-14 sulfate molecule extends to the neighboring regions on the surface 
and perhaps into the cell interior as well, or else sphering occurs as a result of 
changes, not over the whole surface, but at spots only.  4 
3.  Inhibitory Phenomena 
Plasma and its components, serum albumin,  serum globulin, lecithin, and 
cholesterol all inhibit hemolysis by the detergent sulfates.  This is shown in 
Table IV, which gives the R-values obtained at 37°C. for systems containing 
various quantities of the C-14 sulfate and (a) 0.8 ml. of plasma diluted 1 in 100, 
(b) 200 -y of serum globulin, (c) 400 "y of serum albumin,  (d)  16 7  of distearyl 
lecithin,  (e)  16 -y of cholesterol, and (J) 0.8 ml. of a  "synthetic plasma" con- 
taining 200 ~, of serum globulin, 400 7 of serum albumin, 16 7 of distearyl leci- 
thin, and 16 -y of cholesterol.  The pH of all the systems was 6.4, and the cho- 
lesterol and distearyl lecithin were introduced in  the  form of sols  (Ponder, 
1945 b).  In the case of all the systems, the inhibitory material was allowed to 
remain in contact with the lysin (80 ~, to 40 ~, of C-14 sulfate) for 15 minutes at 
37°C. 
In the quantities in which they occur in plasma,  lecithin, serum globulin 
* The following values for the amounts of a number of other lysins required for 
the sphering  of human red cells at the end of 30 minutes at 25°C. and pH 6.4 were 
obtained at the same  time as the values  for the detergents: sodium  glyoocholate, 
23/~2, sodium oleate, 48/~, sodium taurocholate, 73/~2, saponin,  110 ~2, distearyl 
lecithin,  230 ~,  digitonin , 250 ,~.  These values are given as the number o[ ~  of 
cell surface per lysin molecule, on the assumption  that all the lysin in the system is 
distributed at the cell surfaces; in the case of some of the lysins, such a surface con- 
centration is very unlikely,  and so the values are minimum  values.  Even as such 
they have to be used with caution,  for some of  the lysins,  e.g. the bile  salts and 
soaps, are unstable  and change their activity with time. EPJC  Po~zR  21 
cholesterol,  and serum albumin produce increasing inhibition of lysis by the 
C-14 sulfate in that order.  The sum of their inhibitory effects is considerably 
greater than the inhibitory effect of plasma, as is shown in Table V, and does 
not correspond any better with the inhibitory effect of the "synthetic plasma" 
than it does with the inhibitory effect of plasma itself.  This is probably be- 
cause the effects of individual inhibitors, like those of individual ]ysins (Ponder, 
1934 b) are not additive. 
The time during which the detergent and the inhibitor remain in contact is 
not nearly as important as in the case of lysins such as saponin and digitonin 
TABLE IV 
Lysin 7 
80 
60 
50 
40 
Plasma 
1 in lOO 
1.7 
2.0 
2.3 
2.6 
Serum 
globulin 
2OO 7 
1.08 
1.14 
1.24 
1.42 
Serunl 
albumin 
4OO7 
1.3 
1.5 
1.7 
2.0 
Lecithin 
167 
1.02 
1.06 
1.10 
1.16 
Cholesterol 
163, 
1.1 
1.2 
1.3 
1.5 
Synthetic 
plasma 
2.2 
2.5 
2.8 
TABLE V 
Inhibitory  E~e~s, Expressed As A in 7* 
Lysin 7 
80 
60 
50 
40 
Plasma 
1 in 100 
33 
30 
28 
26 
Sum of individual 
inhibitory  effects 
33 
41 
47 
50 
Synthetic plasma 
44 
36 
30 
*  ~=cl--c#R. 
(Ponder, 1945 b).  At 37°C., scarcely any significant increase in the inhibition 
can be observed when either plasma diluted 1 in 100 or 16 7 of cholesterol have 
remained in contact with the C-14 sulfate for 30 minutes, as compared with the 
inhibition observed when the time of contact is less than 3 minutes.  The pro- 
longation of the time for complete hemolysis observed in systems in which the 
C-14  sulfate  has  stood  in  contact  with  these  inhibitors  is  almost  entirely 
accounted for by a diminution of the activity of the lysin on standing, 
It can be inferred from these inhibitory effects that an anionic detergent such 
as the C-14 sulfate can combine with lecithin and cholesterol as well as with 
proteins  (cf.  Putnam and Neurath,  1944,  1945; Neurath and Putnam,  1945; 
and a  review by Valko, 1945), and that it can form compounds or complexes 22  HEMOLYSIS BY ANIONIC DETERGENTS 
with lipid, lipoprotein,  and protein components of the red cell ultrastructure. ~ 
As in the case of most lysins, the lyric effects of these anionic detergents are not 
sufficiently specific for us to be able to determine  which of the many surface 
components of the cell are involved in the process of breakdown, e 
SUMMARY 
I. The members of the homologous series  of anionic detergents,  the sodium 
salts  of the sulfated  straight  chain alcohols  with the general  formula C,H~,+I. 
SO~" Na, are hemolytic,  the lyric activity being at a  maximum when the com- 
pound  contains  14  carbon  atoms in  the  chain.  In systems in which  lysis is 
comparatively rapid,  the hemolytic effect increases with increasing pH, but in 
systems containing  quantities  of lysin near the asymptotic concentrations  the 
pH dependence of the activity is reversed.  The effect of temperature is prin- 
cipally one on the velocity constant of the lyric reaction, with smaller effects on 
the position of the asymptotes of the time-dilution  curves and on their shape. 
2.  The  quantities  of the  detergents which produce disk-sphere transforma- 
tions  are  approximately  one-tenth  of  those  required  to  produce  complete 
hemolysis.  In  most  cases,  the  shape  change  occurs  when  there  are  too  few 
detergent  molecules present  to cover the  red  cell  surfaces with  a  monolayer. 
3.  Plasma  inhibits  the  hemolytic  action  of  these  detergents,  and,  in  the 
quantities  in which they occur in plasma, lecithin,  serum globulin,  cholesterol, 
and serum albumin, produce inhibitory effects which increase in that order in 
systems containing the C-14 sulfate.  It can be inferred from these  inhibitory 
6 The same thing seems to be true for the bacterial cell (Valko,  1945;  Hotehkiss, 
1945). 
e The fact that inhibitory effects can be obtained with sols of substances such as 
palmitic acid suggests that an engagement of the fatty acid chain with the chain of 
the detergent, and a  consequent reduction in the activity of the detergent molecule, 
takes place.  The addition of 200 ~, of palmitic acid in the form of a  sol gives an R- 
value of about 2.0 in a system containing 40 7/2 ml. of the C-14 sulfate at 37°C. and 
pH 6.4.  Freshly prepared sols, made in the same way as cholesterol sols are made 
(Ponder, 1945 b) and containing as little as 5 7/ml. of p~lmitic acid produce an inhibi- 
tion  (R  =  1.2 to  1.6, depending on the freshness of the sol) of saponin hemolysis if 
mixed with  the  lysin without  cooling below 37°C.  and  when allowed to  remain  in 
contact with the lysin for 15 minutes or more.  This seems to be one of the subsidiary 
inhibitory effects already referred to (Ponder, 1945 a), and attributable to the engage- 
ment of lysin and inhibitor molecules.  No corresponding inhibitory effects are pro- 
duced  by palmitic acid sols in  systems containing  sodium taurocholate  at pH 6.4, 
but fresh sols produce a small inhibition of digitonin hemolysis, with R  =  1.1 to 1.2 
for 5 ~, of inhibitory material.  The statement  (Ponder,  1945 a)  that "no inhibition 
of either saponin or digitonin hemolysis is obtained with sols of palmitic acid, stearic 
acid, or a variety of paraffin oils" should read "with sols of tripalmitin, tristearin, or a 
variety of paraffin oils." ERIC PONDER  23 
effects that  the  anionic  detergents  can  form  compounds  or  complexes with 
lipid,  lipoprotein,  and  protein  components  of  the  red  cell  ultrastructure. 
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